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Pamela Richardson, 10:50 AM 2/13/2003 -0500, Fwd: GRC STS-1 0_7 Mishap investigation Capabilit

X-Sender; prichard%nai[.hq.nasa.gov
X-Mailer: QUALCOMM Windows Eudora Version 4.3.2
Date: Thu, 13 Feb 2003 10:50:52 0500
To: boconnor@mail.hg.nasa.gov -
. From: Pamela Richardson <prichard hq.nasa.gov>
Subject: Fwd: GRC STS-10 Nﬁsh?:? nvestigation Capabilities
Cc: Jim.Lloyd@hq.nasa.gov, Pete. utledge%}hq.nasa.gov

Bryan -

This is being sent separately as it would not fit well into our daily format of information we send
you. This is offers of assistance/expertise from GRC. :

Pam

X-Info: ODIN / NASA Glenn Research Center
%-Sender: rqwess@popserve.gre.nasa.gov )
X-Mailer: QUALCOMM Windows Eudora Version 5.1.1
Date: Wed, 12 Feb 2003 16:12:35 -0500

To: prichard@hg.nasa.gov
From: Vernon W Wessel <Vernon.W .Wessel nasa.gov>

Subject: GRC STS-107 Mishap Investigation apabilities
Cce: prutledg@hq.nasa,_gov, James d.lloyd@hg.nasa.gov, dmoore@hg.nasa.gov

Hello Pam,

. Attached is the GRC STS-107 I‘Vﬁshatp Irivestigation capability sumrﬁ_ary providing POCs for
tectinical skills and faciiities at GRC that couid be of help during the investigation. | believe you
are the supporting them being communicated to Bryan and the PBMA web site.

Thank You,
Bill ‘

Vernon W.(Bill) Wessel .
Director, Safety and Assurance Technologies Directorate

National Aeronautics and Space Administration
John H. Glenn Research Center

Mail Stop: 3-6 ‘

21000 Brookpark Road

Cleveland, Ohio 44135

Phone: (216) 433-2350
FAX: 16) 977-7005
E-Mail: Vernon.W Wessel@grc.nasa.gov

Mssion Success Starts With Saféty

. capabilityl.doc - -

Pamela F. Richardson ) .
Aerospace Technolo KmMs;slon Assurance Manager
Enterprise Safety and Mission Assurance Division, Code QE
Office of Safety and Mission Assurance, NASA Headquarters:
300 E. Street, S. W., Washington, DC_20546

phone: 202-358-4631, fax: 202-358-2778

"The meek can *have* the Earth. The rest of us are going to the




Pamela Richardson, 10:50 AM 2/13/2003 -0500, Fwd: GRC STS-107 Mishap Investigation Capabilit . -

stars,” — Robert Heinlein _ :
"We have to learn to manage information and its flow. If we don't, it
will all end up in turbulence.” --- RADM Grace Hopper




Capability

High Temperature Materials
Aerospace Power Research
Advanced Propulsion Research
Vehicle Health Management
Instrumentation, Sensors,

& Electronics
Icing Research
Communication Technology
Combustion Technology
Propellant Systems Technology
Coniputational Fluid Dynamics
Structures
Aircraft Operations
Legal Counsel
Space Communication Projects
Space Transportation Projects
Space Payload Projects
Space Power Projects
Space Propulsion Projects
Systems Engineering & Analysis
SMA Disciplines: :
System Safety
- Reliability
. Qnuality Assurance
Materials & Processes

Risk Assessment & Management

Software Assurance
Probabilist¢ Risk Modeling
Accident Investigation, MORT
Industrial Hygiene

Health Physics

* Providing Suppoit

GRC STS-107 Support Capability
~Technical Skills

Individual

Hugh Gray
Valerie Lyons
Valerie Lyons
John Lytle
John Lytle

D.R. Reddy
Dan Williams
D. R. Reddy
D. R. Reddy
D. R. Reddy
Dennis Huff
Bill Rieke*
Bill Sikora*
‘Sina Javidi
Scott Graham
Steve Simons

Bruce Manners

Rex Delventha]
Daniel Gauntner

Bill Schoren
Vince Lalli

Tim Gaydos
John Reagan
Frank Robinson
Cynthia Calhoun
Jeff Rusick

Manny Domingnez,CSP
Mike Blotzer, CIH,CSP
. Chris Blasio, CHP,CIH,CSP (216) 433-6620

Phone Number . ..

(216) 433-3230
(216) 433-5970
(216) 433-5970
(216) 433-3213
(216) 433-3213

(216) 433-8133
(216) 433-3500
(216) 433-8133
(216) 433-8133
(216) 433-8133
(216) 433-3913
(216) 433-2036
(216) 433-2318
(216) 433-8326

(216) 977-7123

(216) 433-5277
(216) 433-8341
(216) 433-5608
(216) 433-3254

(216) 433-2356
(216) 433-2354
(216) 433-6533

 (216) 433-2357

(216) 433-2340
(216) 433-6390
(216) 433-3375
(216) 433-6735
(216) 433-8159
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Engineering & Test Facilities

Engineering Flight Hardware Development Labs., John Taylor, Chief, Engineering
Design Division, (216) 433-5324

Structural Dynamics — http.//www.gre nasa. gov/WWW/Facilities/int/sdl/index.htm]
EMI — http://www.grc.nasa. gov/WWW/Facilities/int/emi/index.html

Acoustics — hitp://www.grc.nasa. gov/WWW/Facilities/int/atl/index.htm]

Microgravity Emissions — http:/www.grc.nasa. gov/WWW/Facilities/int/mel/index. html
Structires — hitp:/www.grc.nasa.gov/WWW/Facilities/int/ssl/index_html :

Ballistic Testing/Analysis Lab., Dennis Huff, Structures and Acoustics Division,
(216) 433-3913, Impact Lab. — htip:/ballistics. grc.nasa. gov

Soﬁwafe Enginéering Labs., Sasi Pillai/, Chief, Information Systems Division, -
(216) 433-9300

Aeronautics Labs., Tunnels and Propulsion Cells, Jeff Haas, Chief, Research Testing
Division, (216) 433-5718
Icing Research Tunnel, Tom Bond, Chief, Icing Branch, (216) 433-3900

Materials & Structures Research Labs., Materials Bumer Rig, & High Temperature
Composites Lab., Hugh Gray, Chief, Materials Division, (216) 433-3680

GRC Satellite Mobile Communication Testbed Truck, Greg Follen, Computing & -
Interdisciplinary System Office (216) 433-5193 (provides mobile high speed intemet
service)

TeEUgen gy L
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James Lioyd, 11:25 AM 2/14/2003 -0500, STS 107 INVESTIGATION

X-Sender; dll%i@omall .hg.nasa.gov
X-Mailer; indows Eudora Version 4.3.2
Date: Fri 14 Feb 2003 11:25:13 -0500
l_‘o hcrj rli_a;:sa dg
rom: James Lio o .nasa.gov>
Subject: STS 10 \}Eg'TI@A‘?I 9
Cc: Vernon.W. Wessel@grc nasa gov, prlchard@hq nasa.gov, prutiedg@hq.nasa.gov

[ was asked to provide this information to the HCAT by Don Campbell at GRC (by Fred
Gregory's request) _

STS 107 INVESTIGATION .doc

Jim




STS 107 INVESTIGATION

Glenn Research Center stands ready to support the STS 107 investigation in any way we can be
of help. The Center has experienced personnel and facilities available.

Several support activities are underway as shown in Attachment 1. Attachment 2 is a list of
technical skills and contacts, SMA disciplines, and engineering and test facilities: Points of
contact are also listed. : »

We stand ready.

Donald J. Campbell
NASA Glenn Research Center Director

February 14, 2003




B TURNRS

GRC CURRENT INVOLVEMENT WITH STS-Ib’f INVESTIGATION

Lear jet deployment - The GRC aircraft (Lear 23, owned by Stennis; managed, maintained, and
operated by GRC) and crew deplayed in response fo a request from Katie Wallace of Stennis
Space Center.- The aircraft deployed to Stennis where the infrared, ground-mapping sensor

system (ATLAS) was installed. The aircraft then completed comprehensive mapping passes
over the Columbia debris field. Currently, the aircraft and GRC flight team are completing 15

flight lines daily.

Glenn's Safety and Assurance Technologies Directotate supported Headquarters' Safety and
Mission Assurance (SMA) Office to establish the Process Based Mission Assurance system. The
system acts as a data storage vehicle for all information and communications supporting the
SMA community's STS~107 mishap investigation. The Columbia Task Force has now selected
the PBMA Secure Work Group functionality managed by HQ/SMA as the tool to support their
communication, logistics, data management, action tracking, and configuration management

needs.

GRC’s news chief, Lori Rachul, served in Lufkin assisting the Agency and local authorities with
media at recovery sites to disseminate timely information. :

GRC’s legal counsel, Bill Sikora, was detailed to Houston at Johnson Space Center to serve as
counsel to Admiral Harold Gehman, chairman of Columbia's Accident Investigation Board.

Mr. Kent Stone was at Headquarters, Code G, supporting the document review effort to prepare
the briefing books for the NASA Senior Officials who testified before the Joint Committee on
Wednesday, February 12, 2003. Kent has returned to the Center.

GRC Microgravity Sciences Division is providing information regarding the cxpéﬁments that
were on board Columbia. Information includes the downlinked experimental data; and schemat-
ics of the wirifig and experimental hardware. GRC is also assisting with the identification of

debris originating from the experiments.

GRC has been asked to investigate the feasibility of doing ballistic tests in support of the

‘Columbia accident. Our ballistic gun, with slight modifications, can be used to simulate the

foam debris impact on a tile. Lockheed (subcontractor from USA for the external tank) has done

- work with us in the past and is ¢onsidering a possible test. Southwest Research Institute would
likely be JSC's primary choice because of previous work, but GRC Has been identified by

Lockheed as a backup.




Attéchment 1
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GRC STS-107 SUPPORT CAPABILITY

Capability

High Temperature Materials

. Acrospace Power Research |,

Advanced Propulsion Research
- Vehicle Health Management

_Instrumentation, Sensors, -

' - & Blectronics
Icing Research
- Communication Technology .

- Combustion Technology
Propellant Systems Technology
Computational Fluid Dynamics
Structures
Aircraft Operations
Legal Counsel
‘Space Communication Projects
. Space Transportation Projects
‘Space Payload Projects .

' Space Power Projects
"Space Propulsion Projects -
Systems Engineering & Analysis

SMA Disciplines:

System Safety

Reliability.

Quality Assurance

Materials & Processes

Risk Assessment & Management
Software Assurance
Probabilistc Risk Modeling
Accident Investigation, MORT
Industrial Hygiene

Health Physics

* Providing Support

Technical Skills

Individual

Hugh Gray
Valerie Lyons
Valerie Lyons
John Lytle
John Lytle

D. R. Reddy
Dan Williams
D. R. Reddy
D. R. Reddy
D. R. Reddy
Dennis Huff
Bill Rieke* -
Bill Sikora*
Sina Javidi
Scott Graham

Steve Simons }

‘Bruce Manners

Rex Delventhal
Daniel Gauntner

Bill Schoren
Vince Lalli

Tim Gdydos
John Reagan
Frank Robinson
Cynthia Calhoun
Jeff Rusick

Manny Dominguéz,CSP
Mike Blotzer, CIH,CSP

Phone Number

(216) 433-3230 -
(216) 433-5970
(216) 433-5970
(216) 433-3213
(216) 433-3213

(216) 433-8133
(216) 433-3500
(216) 433-8133
(216) 433-8133 -
(216) 433-8133
(216) 433-3913

© (216) 433-2036

(216) 433-2318
(216) 433-8326
(216) 977-7123
(216) 433-5277
(216) 433-8341
(216) 433-5608

~(216) 433-3254 _

(216) 433-2356
(216) 433-2354
(216) 433-6533
(216) 433-2357
(216) 433-2340
(216) 433-6390
(216) 433-5375
(216) 433-6735
(216) 433-8159

Chris Blasio, CHP,CTH,CSP (216) 433-6620

Attachn:lent 2




_Engineering & Test Facilities

Engineering Flight Hardware Development Labs., John Taylor, Chief, Engineering Design
- Division, (216) 433-5324

Structural Dynamies — http://www.grc.nasa, gov/WWW/F acilities/int/sdl/index html
EMI - hitp://www.grc.nasa.gov/WWW/Facilities/int/emi/index html

Acoustics — hitp://www.grc.nasa.gov/WW W/Facilities/int/atl/index html ‘
Microgravity Emissions — http://www.grc nasa. gov/WWW/Facilities/int/mel/index .html

Structures — hitp: //WWW grc.nasa.gov/WWW/F acﬂlues/mt/ssl/mdex html

Ballistic Testmg/Analysw Lab., Dennis Huff, Structures and Acoustics Division,
(216) 433-3913, Impact Lab. — hitp://ballistics.grc.nasa.gov

Software Engineering Labs., Sasi P1llay, Chief, Informanon Systems Division,
(216) 433-9300

Aeronatitics Labs Tunnels and Propulsion Cells, Jeff Haas, Chief, Research Testing Division,
(216) 433- 5718

. Icing Research Tunnel, Tom Bond, Chief, Icing Branch, (216) 433-3900

Materials & Structures Research Labs., Materials Burner Rig, & High Temperaturé Composites
Lab., Hugh Gray, Chlef Materials D1v1s1on (216) 433-3680 :

GRC Satellite Mobile Commumcatmn Testbed Truck Greg Follen, Computlng &
Interdisciplinary System Office (216) 433-5193 (provides mobile high speed internet service)

Afctachmcnt 2




Alan H Phlllips, 12: 07 PM 211412003 -0500 Fwd Re Photo lnterpretatlon

X-Sender: a.h.phillips@pop.larc.nasa.gov
Date Fri, 14 ng 280@ ‘F 2: B -0500g

To: Pete Rutledge <prufl edﬁq g.nasa.gov>

_From "Alan H. Philli s" llhps@larc nasa.gov>

Subject: Fwd: Re; Photo inte retation

Cc: Jim Lloyd <Jlloyd@hg. nasa gov>, Faith Chandler <fchandle@*hi.nasa.gov>

Pete/Jim:

The enclosed analysis came to Dr. Shuart and we wanted to ensure that this analysis get to the
responsnbfe partles for their use. Please note that it has ALREADY been forwarded to the HCAT,

Thanks.

Alan

Date: Thu, 13 Feb 2003 08:11:00 0500
. To: hcat@hg.nasa.gov

From: "Mark J. Shuart" <m. g shuart@larc.nasa.gov> -

Sublect Fwd: Re: Photo Inferpretation
SAUNDERS, MARK P" <M.P.SAUNDERS@larc.nasa.gov>,
"PHILLIPS, ALAN H" <A H.PHILLIPS@larc.hasa. gov>,
"WYATT, CYNTHIA A" <C. AWYATT@larc nasa. gov>

To Whom It May Concern: ,

Attached is some more from Mr. Ratterree. - —_—

Mark J. Shuart, PhD
Director for Structures & Materials
"~ NASA Lan ley Research Center

Hampton
hone: (/7’57 864—3492 i
fax (75 __7_7_92 . _

Date: Thu, 13 Feb 2003 00:41:24 -0600

From:

Subiect. Ke: Photo Interpretation oo _
To - - i m.j.shuant@larc.nasa.gov,

_ david.t.lechneri@isc.nasa.qov

columbialmages(_,nasa gov

X-Priority: 3
Here is aftachment referred to be!ow

--—- Original Message -—----
From:

To: m.i.shuart@iarc.hasa_.qb_v : david f.lechnert @isc.nasa.qov

Cc:

columbiaimages@nasa.gov
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' ' Alan H. Philfips, 12:07 PM 2/14/2003 -0500, Fwd: Re: Photo Interpretation

Sent: Thursday, February 13, 2003 12:36 AM

Subject: Fw: Photo interpretation

| finally obtained a scale model of the Columbia to substantiate my crash theory Please review
the attached MS Word document "Columbia Theory™. How can this theory be discounted now?
The picture does tell us a lot, but why was the landing gear down during reentry?

Mark,

Can you pass this along to NASA HQ also?

- Original Messagé —--

From:

To: columbiaimages@nasa.gov
Cc: ; nasaitimages@jsc.nasa.gov ; o '
Sent: Saturday, February 08, 2003 5:24 PM '

Subject: Photo Interpretation

This is an educated observation of the high-deﬁnltlon military photo of the shuttle Columbia as it
flew over an Air Force base in New Mexico, on Feb 1:

In your investigations, please consider that the main landing gear under the left wing was
somehow in the down position. At the angle at which the photo was taken, the tires of the landing
gear-would appear before the leading edge of the left wing. It is more likely that the two "bumps"
on the front edge of the left wing were the two tires rather than damage. Damage would most
likely appear as missing wing. The dark smoke behind the wing is probably smoke from the
buming tires. The h:gh femnperatures near the left landing gear makes sense since the landing
gear doors were open. it also makes since that signals ‘were lost at other area of the wing,
because the fire in the wheel well bumed through the nearby control wires. This also explains the .
excessive drag on the left Slde It was on]y a matter of time before the extra drag put the shutt!e

" out of control




***************************************************************#*******

Alan H. Phillips
Director, Office of Safety and Mission Assurance
NASA Langley Research Center
5A Hunsaker Loop '
Building 1162, Room 112C
“Mail Stop 421
Hampton, VA 23681

 (757)864-3361 Voice
(757)864-6327 Fax

****************************************************k******************



Columbia Problems Were Caused by Landing Gear Down During ReEntry
By Randy Ratterree

Below is the photo taken by a telescope at Kirtland Air Force Base in New Mexico captured this
digital image of Columbia as it flew over on its fanding approach.

Below is a scale model of the Columbia suspended from ceiling with fishing line. The model was
posed at an angle close to the above photo.

One can make the fol!dwfﬁg observations:
1. The shape in the actuél pticto appéars to only show the dark-colored surfaces of the

. Columbia {the white surfaces blended into the light blue sky).
2. When comparing the photo with the model's black surfaces, the shapes are the same
_ (considering the resolution of the photo caused rounding of corners)
3. The two “bumps” in the left wrng profile of the photo are probably from the landing gear. The
- top bump {inboard) in the wing profile was the corner of the landing gear door and the other
bump (outboard) was from the landing gear wheels. See the shadow on cemng
4, The apparernt smoke trail behind the left wing could be explained by burning tire rubber.
5. The photo appears to also have an unexplained bump near the bottom of the nose. The
model suggests that bump could be caused by the front landing gear.
6. One could not tell from the photo if the right landing gear was down, but normal temperature

readings in the right wing would lead us to assume is was not down.
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Michael Sta‘matelatbs‘,li:?oé AM 2/7/2003 -0500, Re: Report

- X-Sender; mstamaﬁ@m.ail.hq.nasa. oV :
X-Mailer: QUALCOMM Windows Eudora Version 432
. 1Qate: Fri. 07 Feb 2003 09:36:14 -0500
o

From: Michael Stamatelatos <mstamate@hgq.nasa.gov>
Subject: Re: Report -

- Cc: efe.rutledge@hg.nasa.gov, {dl!oyc{@fhc‘.nasa.gov ) ,
X-MIME-Autoconverted: from quoted-printable to 8bit by bolg.public.hq.nasa.gov id JAAD7104

Dear
We appreciate the position you took regarding this matter. Thank You very much for your offer to

help. I will contact you as our need for expert consulting develops In support of the investigation.
.Please, feel free td contact me by phone or e-mail if you have questions or suggestions.
Bﬁesg Riagards, '

chael ™

At 07:22 PM 2/6/2003 -0800, you wrote:
Michael,

As you must have noticed, | am consciously FUShing back on any attempt on the part of the
medfta to make me fault NASA. (Now | do no know what some of them may have done with
my story... A

Pl)e[ase%t me know if | can be of help to you and to the organization.

All the best, :

Dear -
I reckeived your package. Thank you very much. We are indeed making Bryan aware of your.
work.

Thanks again. :
Michae

Dr. Michael Stamatelato:

Manager, Agency Risk Assessment Program
NASA Hea ?ua ers - Majl Code QE

Office of Sa etsy and Mission Assurance

300 E Street, SW

Washington, DC 20024 _
Phone: 202/358-1668 Fax: 202/358-2778
E-mail: Mchael.G.Stamatelatos nasa.gov
Please note chagge In e-mail address

LRt 2 R R e e T dd kR ek ok dkded R ko dede % e dede o

"Mission success starts with safety"

e ek de e e kb et o sk e AR KA s gt Aotk kR de sk k de s ot o 3 ek e

-------------

e AR KRR R AR RN N R F AN R AR TETERLRTL . -

- Please Note: I do not systematical!y'read email on weekends, when | am out of town,
" nor generally more than once a day otherwise. Please cal if it is urgent.

dededdedk s hek Rk ke k

FoNF A ol e 3 ok ok A I o ok e e ek o e A ok e s ke ek e

Dr. Michael Stamatelatos
Manager, Agency Risk Assessment Program
NASA Headquarters - Mail Code QF

Office of Sa eg/ and Mission Assurance

300 £ Street, SW

B ™. aF ¥ | g—

Printard Ear Data Dreblo od o m ol ok



Miéﬁ_ael Stamatelatos, b9:36 AM 2/7/2003 -0500, Re: Réport

Washington, DC 20024 .

Phone: 202/358-1668 Fax: 202/358-2778

E-mail: Michael.G.Stamatelatos nasa.gov
seenedPlease note -change in e-mail a ress)m

Rk s de de e ek e o ek e o vt ek Tk ddd ko hd kdok ok ki

"Mission success starts with safety"
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Alan H. Phillips, 12:44 PM 2fl 4/2003 -0500, Fwd: Main Landing Gear

X-Sender: a.h.phillips@pop.larc.nasa.gov
- Date: Fri, 14 Feb 2003 12:44:52 -0500
To: "Pamela F. Rictrardson';<Pamela. Richardson@hgq.nasa.gov>
From: "Alan H. Phillips” <a.h.phillips@larc.nasa.gov>
Subject: Fwd: Main Landing Gear ] -
Cc: "Peter J. Rutledge” <prutledg@mail.hq.nasa.gov>,
Jign Lioyd <Jlloyd@hq.nasa.gov> = -

Pls fpfnmalié to the responsjble parties. Note that it has ALREADY been sent to the HCAT.

i
Alan:

Date: Wed, 12 Feb 2003 17:47:40 -0500

ohcat@hg.nasagov _

-rom:. "Mark J. Shuart” <m.j.shuart@larc.nasa.gov>

Subject: Fwd: Main Landing Gear — ‘ : ‘
. CCi"SAUNDERS, MARK P <M.P. SAUNDERS@larc.nasa.gov>,
vt 1 "PHILLIPS, ALAN H" <A H.PHILLIPS@Iarc.nasa.gov>,

. § "WYATT, CYNTHIA A" <C AWYATT@larc.nasa.gov>

_<To Whom It May Contcern: _
laim advised to send information such as the message | received below directly to you.”

; MarkJ. Shuart, PFD
» Director for Structures & Materials
% . NASA Langley Research Center
:.. Hagmpton, VA 23681 ™
- ¥ _phone: 57’5_@4862@-_3492
ax. (757) 804-1792 - .
Date: Wed. 12 Feh 2003'16:06:11 -0600
From: N
Subject: Main Landing Gear
- 4o m.j.shuart@larc.nasa.gov
X-Priority:3
w-— Original Messaae ----
From: ~
To: davig.LieChriért@jsc.nasa.gov
Sent: Wednesday; February 12, 2
Subject: Main Landing Gear .
This is @n educated observation of the high-definition military photo of the shuttle Columbia as -

03 4:04 PM

it flew over an Air Force base in New Mexico on Feb 1: : )
In your |nve_st1§atlons, Pplease consider that the main Iandm?| gear under the left wing was
somehaw in the down position. Atthe angle at which the photo was taken, the tires of the
landing gear wollld appear before the leading edge of the eft wing. I is more likely that the
two "bumps"” on the front edge of the left wing wére the two tires rather than damage.
Damaq_e would most likely appear as mISSlnﬁ wing. ‘The dark smoke behind:the wing is

- probably smoke from the burning tires. The high femperatures near the left landing gear
makes Sense since the landing gear doors wefe open. It aiso makes since that signals were
lost.at other area of the wing, because the fire in the wheel well burned through the nearby
control wires. This also-explains the excessive drag on the left side. It was only a matter of

time before the exira drag put the shuttle out of coniral.

é.

e

e = —-- -
[ I T I S S s T



Alan H. Phillips, 12:44 PM 2/14/2003 -0500, Fwd: Main Landing Gear

lﬁ -columbia.jpg

**************************************************************i********

Alan H. Philmp
Director, Office of Safe and MTSSlon Assurance

NASA Lan ley Research Center
5A Hunsaker oop

Building 1162, Room 11 2C

Mail Stop421 .+~

Hampton, VA 23681

{757&864-3361 Voice.

757)864-6327 Fax _
Yok Ak ****************************?**********************?*************

Brimtad far Dafta Dfladrne cDatar | RPitlardamimimeca rm s
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Alan H. Phi!lips, 12:57 PM 2/14/2003 0500, Fwd: Columbia

X-Sender a.h. phlIhB @_Po% Jarc.nasa.gov
Date: Fri, 14 Feb 200312:57:24 -0500
To: "Pamela F. Richardson" <Pamela.Richardson@hq.nasa.gov>
From "Alan H. Phillips” <a.h.phillips@larc.nasa.gov>
1ect Fwd: Columbia -
¢: "Peter J. Rutledge” <prutledg@mail.hg. nasa. gov>, :
Jim Uoyd <Jlloyd@hq.nasa.gov>

.Pls formard to the responsuble parties. Note that it has ALREADY been sent to the HCAT

Thanks.

Alan.Date: Thu, 13 Feb 2003 17:45:43 -0500
To: heat@hq.nasa.g Co
From:"Mark J. Shuart“ <m j.shuart@larc.nasa.gov>

Sub]Mct Columbia_.
NDERS@Iarc nasa.gov, AH.PHILLIPS@larc.nasa.gov,

' WYATT@larc.nasa.gov, C.W.CLEGHORN tarc nasa.gov ,
iTo Whom it May oncem |

I-‘Iere s rore.

Mark J. Bhuart, PhD -

- Director for Structures & Materials
NASA Lan Iey Research Center
Hampton

hone ({f5'424864 3492
-1792
. - From: "Jonatan Matsson" <Jonatan@lanl gov>
’To <m.j.shuart@larc.nasa g
Date’ Thu, 13 Feb 2003 13:20:08 -0700

: X—Prlortty' 3 : ' | ‘

A I P e

| just read yo 3{( ur email on the NASA webpage ! am emailing you since gou are, wrthtn NASA
and would know who to contact with regard to som information | found .on a nEws, web site

a week and a halif ago, and youwould know how to contact people hkeAdm’Haro]&W

Gehman Jr oh the shuitle mvestigation board. . AR

February 2 the Swedish newspa er Dagens N eter( www.dn, se ub.llshed an ar lcle in- f :
of " y ? here weré three photos, -

regard of NASA arid security problems. Aftached to 1 the web article
whersof one from the video conference between prime minister Sharon and the Is raeli

‘astronaut. The photo published oniine at -
ttp:/Awww, dn selDN tfis / olo ol is .._d 148&a—1041 87 show structural damage and two
is to the attention of seVeral big:

cracks in IgAS ing
news networks and Ato t' nd out why thls photo has not been reported in the US i

it is my hope that you will know who to contact to verify the photo and possubly contact the
irvestigation board with the information since | have been unable to contact them.

‘t;aatwawﬁ% '

T.

Sincerel ' . TR
Jonatan%ﬂatsson _ _ L o it

L BIO h¥SICS Group, P-21

** Mall S ,
** | os Alamﬁs Nattonal Laboratorv |

** | os Alamos, NM 87545

** email: Jonatan@lanl gov
To Whom I May Concern:
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Alan H. Phillips, 12:57 PM 2/14/2003 -0500, Fwd: Coluimbia

Here's more.

" Mark J.-Shuart, PhD
Director for Structures & Matenais
- NASA Lang}[ﬁy Research Center
Hampton
hone (1757 864—3492
-7792

Nerk J. Shuart PhD
Director Tor Structures & Matenais
NASA Langely Research Center

* Hampton, VA" 23681

'*****************************************************i****************i.

Alan H. Phill
Dlrectcr O ce of Safet%r and Mssron Assurance

NASA Langley Research Center .
5A Hunsaker oop
Building 1162, Room 112¢
. Mail Stop 421
Hampton, VA 23681

ETST{BGZI-3361 Voice

757)864-6327 Fax
Hek gk **************************t***********i********#*****************
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Alan H. Phllllps 12; 59 PM 211412003 -0500 Fwd Waste Water Ice Shuttle Damage

| X—Sende_n a.h. hI"IB @Pog Iarc nasa. gov S . [
Date:'Fn 14 2003712:59:51 -0500
Pamela F. Richardson" <Pamela Richardson@hg.nasa. gov> : : y
From 'Alan H. Ptiillips" <a.h.philj larc.nasa.gov> _ ) . .
Subj'ect Fwd: Waste Water Ice hu e Damag e ' : L
'Peter J. Rutledge” <prutledgi@mail.hqg. nasa gov> : ‘ AR
Jim Lloyd <J!ioyd@hq nasa.gov>

Pis forward to the responSIbie partles Note that :t has ALREADY been sent to the HCAT. P
_Thanks. '. o B R “ '
-Alan

Date: Fri, 14 Feb 2003 07:44:43 -0500

To: hcat@haq.nasa.goy
From; "Mark J. Shuart” <m j.shuart@larc.nasa.gov>

Subject: Fwd: Waste Water lce Shuttle Darmage _ - .
Cc: P‘SAUNDERS@larc nasa. gov AH.PHILLIPS larc nasa.gov, _—
C.AWYATT@larc.nasSa.gov, C.W. CLEGHORN Iarc nasa.gov : K : "

To Whom it May Concern:

Here's more. .

. Mark J: Shuart PhD ™ . - o _ :
) =-D|rector for Structures ‘& Materials . - ! . S
: A Lang Iey Research Center s

Harnpton
({7’57 66454 92 _ _. S
x.(75 )8 4-7792 » : : ‘ ' RS SR

e i e e e D Ly S

§ mEEEmETTETED

" From: ™

. To: mj.shuart@Iarc. nasa% . | . L
Subject: Waste Water Ilce Shuttle Damage - ' . Ty . , :
Date: Thu, 13 Feb 2003 21:27:43 -1000 ¥ R
X—OngmaINnvalTlme 14 Feb 2003 07: 27 43. 0750 (UTC) FILETIME [90633260 01C2DSFA] ’

R A
&%

Dear Sir: ‘ - ‘ o 4«.
o 'Is it poss:ble that ice gathenn around the waste water S GRS
©, . ventbroke free and damage the shuttle wing when the SR
- retrorocket was fired? ST

lbehe\fe that there is.a heater on that vent to revent
ice from accumulating, but it could have malf ncﬂoned

oor not been turned on. _ , ST

Iknow it is tJust another theory, butldon't know who T
to contact fo see if that is a valid.point. ST o

| am a refired Au' Force pilot and | have had ltot tube *
heaters that failed if the wat_er came too fast for the

heater tomeltthe i |ce .

L

]

"‘-—'._ Y R e

Sincérely, . -

Majoi USAF Ret. S R R
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Alan H. Phillips, 12:59 PM 2/1 4/2003 -0500, Fwd: Waste Water lce Shuttie Damage

Mark J. Shuart, PhD

Director for Structures & Matenals
NASA Lan%ely Research Center
‘Hampton, VA" 23681 -

— a

**********************************************************k************

Alan H. Philli .
Director, O ce of Safety and Msswn Assurance
NASA Langley Researc Center P E e
5A Hunisaker Loop - _ T ety T
Building 1162, Room 1120 , L T

- Mall Stop.421 . . :
Hampton VA 23681

- (757)864-3361 Voice ' , ;
7571664-6327 Fax e

dede de A’ ****************************************#*********************i**

ey
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Garrldo 1, Humberto (Bert), 03:35 PM 2/14/2003 -0500 FW Shuttle Tile PRA Artlcle

n.""‘" . J et
e

From: "Garrido-1, Humberto iBert " <Humberto T. Garrtdo@nasa gov>
To: "'J'Iloydl@dh nasa gov" < Igéd It}gd nacgjanh .gov>, i -v>
rutle .nasa.go ru nasa o
Subj ect FW ugle T:Ie%’ p 0ol g
Date Fri, 14 Feb 2003 15:35: 26 0500 '

" X-Maifer: Internet Mail SerVIce (5 5.2656. 59)

Jim/Pete-
Some timely réading material. Wasn t sure if you had seen it,

Bert

> -—-0riginal Message----- . - : ,
> From: ~ Branard-1, John S
> Sent:  Wednesday, February 12, 2003 12:26 PM v
> To; Toledo-1 Oscar Garrido-1, Humberto (Bert); Delgado-1 Hector; Colllns 1, David;

"Adams-1, Timothy
.>Cc: ranard1 John -
: > Subject: Shuttle. Tlle PRA Arficle -

" > The following file is an article ublished in 1994 in Interfaces Magazme Journal of the Ihstitute -
for Operations Research and Management Science] regarding the 1994 Shuttie Tile PRA dore
by Elisabeth Pate-Cornell {Stanford Urniversity). This study has been mentioned frequently over

. tr¥e last couple of weeks. | thought it might bé interestirg readmg
. '> > <<SpaceShuttIe+1994+Ttle+R|sk+AnalyS|s paf>>

.

_> John

P
i

Pl
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Risk I}/Ianégement for the Tiles of the Space
Shuttle

. M.‘-ELISABE:IH PATE-CORNELL Department of Industrial Engineering and
o Tk ! . ! .- Engineering Management ™ -
' _ Stanford University
' Stanford, California 94305
’3 R ‘
i .. .
Bauy S. FisCrBECK Department of Enginetring and Public Policy and
I Department of Decision and Social Sciences

Carnegie Mellon University
Pittsburgh, Pennsyhvania 15213

b

e - 1) R
%ﬁ\%m’im-;ma{yhéwm
»

g’ihe tﬂes of the space shuttle orb1ter are crmcal to its safety at
sgeentry, and their maintenance’ between flights is time-consum-
jihg. We p%rformed a probabilistic risk analysxs to identify the .
yimost riskCritical tiles and to set priorities in the management of
? thé heat sﬁxeld The model is based on a multiple partition of -
tﬁhe orbiter s suiface. For the tiles in each zone, we used the fol-
li}owmg da té (1) the probability of debonding due either to de-
ris hits orﬁto a poor bond, {2} the probability of losing adjacent
tiles once the fifst one is lost, (3) the probability of burn-
‘rthrough gven the final size of the failure patch, and (4) the
}:JrobablhtyE of failure of a critical subsystem undér the skin of
“‘the orbiterif a burn-through occurs. A nsk crltlcahty scale was
designed based on the results of this model. I is currently used
. {along with temperature charts) to set priorities for the mainte-
nance of the tiles. We found that 15 percent of the tiles account
. for about 85 percent of the risk and that some of the most criti-
~cal tiles are not in the hottest areas of the orbiter’s surface, We
- recommended that NASA inspect the bond of the most risk-
. critical tiles and reinforce the insulation of the external systems
(external tank and solid rocket boosters) that could damage the

SPACE PROGRAM

Copyright © 1994, The Instiigte of Manzgement Stiences
RELIABIEITY—FAILURE MODELS
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SPACE SHUTTLE

high-risk tiles if it debonds at take-off. We computed that such

improvements of the maintenarice procedures could reduce the

_probability of shuttle accident attributable to tile failure by

about 70 percent. )

‘The space shuttle, at take-off, consists  during the initial phase of flight and are
of the orbiter, which is attached toa  jettisoned over the Atlanti¢c whefe they are

large external tank (ET) containirig fiquid tetrieved for re-use. The éxternal tank sup-

hydrogen and oxygen, and two $olid-fuel  plies fuel for the orbiter's main engines,

rocket boosters (SRBs) (Figure 1). The solid ~ which provide the thrust necessary to

' rocket boosters provide additiorial thrust reach orbit, After its fuel i depleted, the.

Eal

. Fuel Line / Extarnal Tank

1

L] - ‘lcf

- & - -
Eheitl ian il o Solid Rocket
,IQ‘ . Booster
oy
i

' Figureé 1: The space shuttle at také—off coinprises the orbiter, the eXte'r_n_al tank, and the two
sotid-rocket boosters. The fuel line on the right side of the fuel tank brings liquid oxygen and
liquid hydrogen to the orbiter’s main erigines.

January-February 1994 65



PATE-CORNELL, FISCHBECK

external tank is jettisoned and burns up in
contact with the atmosphere. Once the or-
biter has completed its miission, it reenters
the atmosphere and lands as an unpow-
ered glider. B
At réentry, the orbiter is subjected to .-
“high heat loads. Its heat shield is com-
posed of reinforced carbon-carbon (an ex-
- tremely strong material that can withstand
~ up to 3,000°F) in the hottest areas (the
nose and the edges of the wings), profec-
tivé blankets in the coolest area (mostly the
top side of the orbiter), and black tiles.
~ (about 25,000 of them) bonded to the bot-
tom surface of the orbiter, The manage-
ment of these black tiles between flights is
" both delicate and time-consuming and has
oftén beeri on the critical path to the next
launch. After every flight, sorhe of the tiles
are repaired; others have to be replaced.
~ Since the beginning of the shuttle pro-
gram, the potential loss of any of the black
tiles has been a major concern to the astro-
nauts and to NASA, Onice 4 tile is lost; ad-
jacent tiles are more vulnerable to heat
lodds and aerodynarnic¢ forces. A gap in
the heat shield (thermal protection system
or TPS) could cause a burn-through in the
aluminum skin of the orbiter during re-
entry, exposing and possibly crippling
some of the critical subsystemis and lead-
ing to the loss of the vehicle and crew
{LOV/C).
The tiles are silicate blocks (roughly 8
"X B X 27) covered with a black glazing.
They are bornded to a felt pad (strain isola-
tion pad or SIP), which in turn is bonded
'~ to the orbiter’s skin. Both bonds use a
room-temperature vulcanized (RTV) mate-
rial (Figure 2). Designed gaps between the
tiles give the system flexibility and allow

INTERFACES 24:1

_ gases to vent during the ascent. Depéending

on the size of the gap, it is either left
empty or filled by a gap filler. During re-
entry, ihe flow of gases around the orbiter
shifts from Jaminar fo turbulent: the later

- this shift, the less the total heat load. It is,

therefore, important that the surface of the
orbiter be relatively smooth to prevent lo-
cal turbulence. To minimize the heat load,
the gap fillers must fit perfectly in the in-
terstices; the “step” and “‘gap’” ‘between
tiles must be carefully controlled and mea-

sured so as to prévént surface irregulari-

ties. . ‘
To date, oﬂly'two tiles have been lost.

They failed bécause regular external loads
exceeded the strength of a weakly bonded

Fif_tee‘n percent of the tiles
contributed to 85 percent of
the risk.

tile (on orbiter Colimbia, the RTV weak-
ened when it reactéd with a waterproofing -
agent) and becaitse a piece of debris struck
with sufficient force to cause tile failure
(also with Cohumbia in Novernber 1987).
Debris can come from several sources: ice
that accumulates on the shuttle assembly,
insitlationi from the external tank or the

- é0lid rocket boosters, debris on the ground

or laurich equipment, or space debris. Be-
cause of the risks involved, it is critical that

. tile installation and maintenance be done

with the utmost care and that all sources’

of debris be controlled to the greatest ex-

tent possible. .
Risk management at NASA has gener-

) ally telied on a careful control of the pro-

cess, the concept of safety factors, and the
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COATING RCG

- Note: Thickness exaggerated for clarity,

- SIP: Strdin-isolation pad
RTV-560: the tile boading agent ‘
' RTV-577: screed used to smooth the orbiter's aluminum sU.t_ﬁce
RCG: Reaction cured glass .-

Figure 2: The tile system includes the tile coated by tie black RCG biénded to 2 straixi-isola-
tion pad and fnstalled on the orbiter's surface within a lattice formed by thé filer bars, Gap

]

fillers are used (6 smooth the surface by. eliminating large spaces bétween the files,

setting of priorities based on criticality in-
dexes (for example, the single fajlure 6f a
component of “eriticality orie’” implies loss
 of the vehicle and crew), The problem
_with these methods is that because they do
ot provide sufficient information about
the telative contribution of each compo-
nient to the overall risk, they do not allow
for optimial resource allocation. Risk analy-
sis, by quanitifying these confributions, ai-
lows one to sét optimal priorities. Despite
these benefifs, NASA has not used risk
analysis. This is because, in the ear‘l);

" . 1960s, a consultant using risk analysis had

computed & very small p‘robability of sue-
cess of NASA’s mission to the moon., Fear-

Janiiary-February 19"94

ing that suct results would scare the public
and discourage congressionai funding,
NASA forbid the use of any formal proba-

bilistic risk analysis (PRA). Yet, after the

Challenger accident, it became clear that
the space shuttle system was much more
Vulnerable than NASA had béen willing to
admit—to jtself and to the rest of the
world—and that a realistic assgssment of
the risic was in order. A large fiumber of )
miodifications needed to be mads, foriding
was becoming tighter, and priorities
needed to be set to decide whieré to start.
The Challenger accident had also revealed
that many of the weaknesses that had fi-
nally doomed the mission were rooted in
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the organization itself. Eyen though the
eventual visible cause of the accident was
a technical failure of a sotid rocket booster
O-ring [Presidential Comuniission Repoft'
1986), this hardware failure was the direct
result of management failures that in-
“cluded poor communication, misinterpreta-
ton of information, incentives to launch
unless categorically proven unsafe, and ex-
cessive aptimismn under scheduje pressures,
Classical risk analysis techniques are

based on technical factors: an exhaustive

identification of the d-ifféxjent possible acci-

dent s¢enarios and the computation of the
proi)abilify of failure of the whole system
as a furiction of the probabilities of occurs
rence of the basie events of these scena-
rios. The basic events are generally techni-
cal'in nature (for example, failure of var-
ious components). Organizational factors

Risk analysis is also a
management tool,

- are only implicitly part of the background,
- In recent years, we have extended these
methods to include the effects of manage-
ment on the inputs of the probabiliétic risk
analysis models, and therefore, on the risk
of failure (see, for exarnple, Paté-Cornei]
[1990)). This is the approach that we ap-
plied in this stddy of the safety of the tiles.
. NASA (reluctantly) started a PRA effort
in 1987, The Ch‘ali{éngef ‘accident had left
the agency in a state of shock. Facing the
risk of another accident was obviously
painful, but addressing existing problems
in proper order was necessary, However,
instead of doing a complete top-down
analysis, NASA opted for piecemeal risk

INTERFACES 24:1

-assessments for the subsystems that

seemed most worrisome (for examiple, the
auxiliary power units). The goal of these
studies was mostly to show. that the risks
from each of the major components wera
acceptable. At that time (198 9). NASA also
estimated that the overéll risk of loss of the
vehicle and crew was in the order of 1072

""per flight based on coarse statistics that in-

cluded the Chai]enge'r atcident and severa] -
near misses [NASA 1989). The. contribi.

E tion of the tifes to'_this’ overall risk was un-

clear but believed o be substantial,
Within the framework of a cooperative

_ Tesearch dgreement between NASA and

Stanford UnngrsiEy, we did an extended
probabilistic risk analysis for the black tiles
based on the first 30 flights of the shutile,

- Our goal was not only te compute the con-

tribution of the tiles to the risk of foss of

-the vehjcle ariqi crew; but also to show

how safety could be increased by improv-
ing the manageinent and the procedures of
tile.pmce_ésing [Paté-Cornell and Fischbeck
1993a, 1993b). It was clear at the onsét of
the study that some management problems
affected the quality of the tile work. For
example, tile technicians were being paid
less than machinists and electricians and
had a high turnover rate; In géneral, there
Was no sense of priorities: procédures were
meant to ensire that éverything was done
“perfectly.” Several incidents, however,
provided a simple reality chéck. During
Prévious processing operations, it had been
found that a few tiles had no primary
bond with the orbiter (they were held in
piace__ only by the friction of the gap fillers),

It was also discovered that under time
" pressure at Jeast one techriician had been

spitting in the RTV to make it cure faster.
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Addition of water to the bond agent is for-

bidden bécause, although it does accelerate

the curing process, it also increases the

- probability that a catalytic reaction of the
RTV will revérse causing the tile to debond
under normal loads.

To set priorities among.the tiles, we
computed for each tilé a risk- ~eriticality in-
dex proportional to its contribution to the
total probability of LOV/C. We showed
how the same amount of maintenance re-
sources (time, money, and atténtion) could

 be reallocated to provide rhore safety for
the same global effort. We found that 15
percent of the tiles contributed to 85 per-
cent of the risk. We also found a significant
coupling between system failures. For ex-
ample, debondirig of insulation on the ex-
ternal tank (an event of minor corcern)
could damage ctitical tiles oni the orbiter,
eventually causing the loss of the vehicle
and erew. In this perspective, probabilistic
risk analysis is not only a simple assess-
ment tool but also a management tool that,
we believe, can lead to a fruitful improve-
ment of risk-managernént practices in
‘many other sectors as well,
The Probabilistic Risk Analysis Model

Qur probabilisti¢ risk assessment fo the
black tiles of the space shuttle was divided
into two parts: the susceptibility of the tiles
to damage and the effect of this tile dam-
age on the pérformance of the shuttle. This
two-phase dpproach allowed us to simplify
the analysis considerably.

A tile fails when the loads on it exceed
its capacity to withstand them. Originally,
some tiles were partially burnt in somé of
the hottest zones. Design changes cor-
rected these problems, and the main fail-
ure mode is now tile debonding. A tile de-

January-February 1994

bonds either because it receives an external
load (a debris hit) that exceeds its design
capacity or Begause it is unable to with-
stand a normal load, suth as vibrations
due to a weakening of one of its compo-
nents {the tile material, the bondirg agent,
or the strain isolation pad). High load and
low capacity can happen at the sarme time:
in our analysis, we accounted for the case
where a piece of debris hits a weakened
tile.and causes a failure that would not

" normally occur.

HnstoncaIly, the source of this tile-dam-
aging, larger—than -expected external load
has been mostly from debris, The most
common source of debris has been the in-

- Every shuitle has had some

debris-damaged tiles.

sulation protecting the external tank and
solid rocket boosters that has flaked off
duririg launch hitting the underside of the
orbiter. Othet potential sources of debris
include ice that forms on the external tank
and solid-rocket boosters prior to launch
and space debiis. The severity of damage
caused by debris impact varies considera-
bly, but the debris probleins are unavoid-
abile, ﬁVery shuttle, upon return, has had
some debris-damageéd tiles. The number of
tiles damaged in each of the first 33 flights
ranged from alow of.53 to a high of 707
{with a rhear of 179} out of about 25,000
tiles. The vast majority of this damage was
mirior, but on several flights, over 200 tiles
had suffered major hits (the damaged area
exceeded one sguare irich). Although it has
not occurred yet, we included in our miodel
the possibility that a single piece of debris
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) could significantly damage more than one

tile. To reduce this problem, debris sources
{and in particular the surface of the exter-
. nal systems) have to be properly main-
tained.

The second category of tile failure that
we considered (a tile failing because its
bond is weaker than the design capacity)
can occur for several reasons: poor installa-
tion of the tile system, deterioration of the
bond due to chiemical reaction with exter-
nal agents (for example, a waterproofing

.chemical or hydrauli¢ fluid spills), and in-
correct maintenance procedures. As with
debris damage, this type of tile fajlure
could affect a single tile or a group of tiles
at the same time. To reduce this source of
tile failure, NASA has to improve and .
monitor insfallation and maintenance pro-
cedirres and néeds to develop a reliable
system for venfymg the tile bonds. NASA
has considered techniques for repairing
damaged tiles in space in the past, but be-

* cause of uncertainties about their effective-
ness and the possibility of accidentally
causing more damage to the tiles during

repair, it has shelved all such plans,

In the second phase of our probabilistic

risk analysis (assessmient of the effects of

tile damage on the shutile’s integrity), we -

started from the premisé that 4 tile had
been Jost; and we systematically tracked -

the potential consequences of this inifiating .

event during reentry and landing. The Joss
‘of a single tile would increase the load
(heat and aerodynamlc forces) on adjacerit
tiles and could cause these tiles to fail as
well. Although it has not yet been experi-
énced in flight, this zipper effect has the
potential of opening a large patch of un-
protected area on the orbiter’s surface. It is

INTERFACES 24:1

important to note that it is not tile loss per
se that causes the loss of the orbiter, but
the increased heating or burn-through of
the shuttle’s aluminum skin, which in turn
can lead to the faihire of critical compo-
nents, such as computers, hydraulic lines,
flight controls, or fuel tanks. Wheéther or
not the shuttle is lost depends oit the loca-
tion of the hot spot, the severity of dam-
age, and the level of redundancy in the af-
fectéd subsystems, Techniques for reduc-
ing the risk of losing a shuttle with a tile

- failure include hardening and relocating

key components and increasing the redun- -
dancy of the overall system. If it were
known before reentry that there was a gap. -
in the tiles, it could be pessible in some
rare circumstances to reroute critical lines -
and drain some tanks prior to exposing the
shuttle to intense heat loads.

Because of these variations of vulnera-
bility and shseéptibility, the black tiles can-
not be considered as a uniform system.
Certain tiles have highet probabilities of
being damaged by debris, some receive
greater heat loading during reentry; and
soime protect critical flight conirols. Yet, it
is not necessary to consider each tile as a
separate entity with its own unique charac-
teristics. To simplify the analysis, we
grodped the tiles by’ levels of susceptibility
to the initiating events and by degrees of
vulnerability based on the shuttle ¢compo-
nents that they protect. We divided the or-
bitet's indersurface according to the dén-
sity of debtis hits, the vulnerabxhty of ad-
jacerit tilés if one is already lost, the
probabrhty of bum- through and the prob-
abﬂzty of loss of a critical subsystem fol-
lowing a burn- through By superposing
these four partitions, we obtained a finer
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division of the orbiter’s surface into mini-
mal zones (called heré “min-zones”) of
similar characteristics: all tiles in each min-
zone have the same level of susceptibility
to dariage and the area that they cover has
the same vulnerability if a tile is Jost. A de-
scription of how we constructed these min-

- zones follows.

Figure 3 shows the structure of the prob-
abilistic model used in the analysis in the
form of an influénce diagram. The model
includes, for each min-zone (1) initinting
events (probability distributions f6r the
* number of tiles initially lost either because
of debonding under debris impacts of be-
cause of other factors that weakened the
bond), (2) final patcl size (probability distri-
bution’of the number of adjacent tiles lost
conditional on the loss of the first tile), (3)
' burit-through (probability of burn-through
¢onditional on a faihire patch of a given
size), (4) system loss (probability of failure
of systems under the skin conditional on a
burn-through), and (5§ loss of wekicle and
crew (probability of LOV/C conditional on
failure of subsystems due to burn-
through). We performed the analysis using
the usual combination of probabilities esti-
mated through past frequencies and sub-
jective probabilities based on expert opin-

((Debits Damage )

ions (for example, the probabilities of fail-
ure of subsystems under the skin for
which no formal PRA have been done).
‘Very few statistical data were available.

‘We knew, for example, how many tiles

had been lost (two), the number and sever-
ity of debris hits, and the number of tiles
that had been found during mainténax)ce
to have been poorly bonded, We needed
expert opinions to asséss, for instance, the
probability of losing the orbiter given that
a particular subsystem was exposed to
‘high temperatures and the probability of
‘tile debonding given a weak bond. The ex-
perts were (1} the tile (and other subsys-
tem) specialists at Johnson Space Center,
(2) the NASA tile mainténance experts at
Kennedy Space Ceniter, and (3) the tile
maintenance contractor (Lockheed) at Ken-
nedy Space Center. Whenever thére were
uncettainties about these probabifities, we
made consistent use of means (estimated
mean. future frequencies) since the objec-
tive was to rank the tiles according to their
contribution to the. overall risk of accident.
We then used Bayesian formulas to com-

“ pute the probabilities of different scena-

rios. :
The delineation of the min-zones is criti-
cal to the tractability of our analysis. The

" Loss of Shuttie )

(Coss of Tiie )-»~( eonty Hezing

|

Debonding Caused by Loss of Additional
Factors Ofher than Debris j\  Tilgs ‘

Figure 3: This influence diagram shows the stiucture of the probabilistic risk ai:aiysi_s for the
loss of an orbifer due to failure of the black tiles, The blocks represent random variables and
events, and the arrows show probabilistic dependencies between them.

January-February 1994
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more refined the definition of the factors
determining a min-zone, the greater the
complexity of the problem. Based on the
reliability of.the available data and the
willingness of our experts to provide prob-
abilistic estirhates, we felt that an ex-
tremely detailed division was not defensi-
ble. Therefore, we divided the orbiter’s
surface according to the four zonal factors
described above: (1) susceptibility to debris
impact, (2) potential for loss of additional
tiles following the los$ of the first one (de-
pending on heat and aérodynamic Joads},
{3) potential for burn-through given one or
" more missing tiles (heat loads), and (4) crit-
icality of uniderlying systems.

We assumed that the probability of de-
bonding caused by factors other than de-
bris impact was uniform over the orbiter’s
surface and did not require a séparate par-
tition of this surface. In reality, the location
of the various types and ages of the bond,
the strain isolation pad, and the gap Aller,
as well as the temperature and pressure
loads would affect the probability of de-
bonding. We believe, however, that this
simplification is adequate since one of the
goals of our analysis is to deterthine the
relative magnitude of the debonding prob-
lein to the debis problem, We estimated’
the probability of a weak bond by using
maintenance records of replaced tiles
" (about 25 percent of installed tiles have
been replaced so far) and a previous Lock-
heed study of bond verification [Welling
1989]. Based on this work, we concluded
that chemical reversion of the RTV and
weakening due to repeated exposure to’
load cycles are less likely to cause debond-
ing than poor quality installation.

Of the four zonal factors, debris damage
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was perhaps the easiest to assess. By build-

“ing a composite picture of all debris dam-

age from the first 33 flights, we found that
the undersurface of the orbiter could be di- ..
vided into three areas: high, medium, and
low density of debris hits, To a large ex-

-tent, the high-debris density area corre-

sponds to the area where insulation cover-
ing a fuel line on the side of the external
tank hits the orbiter's surface if jt fails dur-
ing take-off. We estimated the degree of
damiage from historical data, By simply

" counting the number of hits per square

méter, we estimated a probability of tile
damage for each area. Paté-Cormell 'and
Fischbeck {1990} give a detailed explana-

- tion of the procedures used in all the min-

zone calculations for multiple tile debris
impacts. .

Whether or not tile loss leads to burn-
.thtough depends on three factors: the heat
load during reentry, the number of tiles
that are missing in a patch, and the ability
of the shuftle’s unprotected skin and un-
derlying structure to dissi'pate the addi-
tional heat. Relying on expert judgment
from NASA erigineers at Johnson Space
Center and ori detailed data about re-
corded heat loads and aerodynamic forces
at reentry, we partitioned thé orbiter’s un-
dersurfice into two secondary tile loss
areas and assessed for each the probability
of losing adjacent tiles given the loss of a
first one.

In an analogodus fashion, we partitioned
the tiles info three burn-through areas and
assessed the pirobability of burn-through in
each area. It is interesting to note, that in
the two cases in which tiles have been lost
in the past, burn-through did not occur {in
one case, the tile was lost over a service
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hatch and the extra structure in thelshut— -
 tle’s frame was able fo distribute the in-
creased heating). ' _
Firially, we determined criticality zones
by studying the layout of key components
under the orbitet’s skin. If burn~through
{or excessive heatmg) occurs; certain of
_ these systems could be damaged. Whether
the Joss {or damage) of a particular stib
component leads to the lods of the orbiter
depends on its criticality, The probabilities
of failure that we used were based on ex-
pert opinions. 1deally, a probabilistic risk

analysis should be done for each system to

determine its relationship to the shuttle’s
overall reliability.

NASA seems to have grown
* from a can-do organization to
a large bureaucracy.

By overlaymg these four partitions, we

defiried 33 min-zones and assigned to each.

of them an identification number, Of these

33 min-zones, 21 are unique with different
sets of susceptibility and vulnerability indi-

ces, Several zones have the same combina-
tions of indices and appear at different lo-
cations on'the orbiter. Figure 4 shaws the
final layout of the min-zones and the re-
sults of the risk analysis. We determined
the probability of failure of the orbiter at-
tributable to each zone by Ealculat'ing this
probability for both types of initiating
events (debiis hits and deboriding due to
other causes) and then summing to obtain
the results. We simplified the boundaries
of the min-zones and approximated the
number of tiles in each area (we did not
make an actual count). For each tile in
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each min-zone, we defined and computed
a risk-criticality factor proportional to the
relative contribution of this tile to the over-

all probability of LOV/C, accounting not

only for the loads applied to this tile, but
also for the consequences shoild it fail, -
This risk-criticality factor (and its allocation

* between the two failure modes) is the

poirit of reference that we used to set
priorities amiong different management

. méasures designed to improve tile and

shuttle reliability. The miri-zones in Figure
4 are shaded according to this risk-critical-
ity index (the darker areas being more criti-
cal). According to our numerical analysis,
the total probability of losirig the orbiter on
any given mission due fo faihire of the
thermal protection sysfem is on the order
of 1072 with approximately 40 percent of
this probability attributable to debris-re-
lated probléms and 60 percent to problems
of debondmg caused by other factors. For
the total risk, including both initiating
events (debris hits and debondirig for other
causeés), 85 percent of the risk can be at-

tributed to about 15 percent of the tiles,

Aimong the 33 min-zonés shown in. Figure
4, eight min-zones contain these most risk-
critical tiles (#1, 2, 3, 4, 5, 9, 10, 11) and
are outliried in Figure 4. Complete riumeri-
cal results ¢an be found in Paté-Cornell
and Fischbeck {1993a]. Derivation of the
theoretical underpinnings can be found in
the appendix of this paper.
Managemeit Factors: PRA as a
Management Toel

One of the objeétives of this study was
to assess the effect of management prac-
tices on the reliability of the thermal pro-
tection system. In the course of this work,
we spent considerable time at Kennedy
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Space Center and Johnson Space Center
1ntemew1ng managers, tile technicians,
and engineers in order to identify potential
management problem areas. We iteratively

“i5:2321
i
KEY b
it Kt
. 5:1221
i Min ZoreID & .

& Bum through Index

| Functionat Criticality Index
h; Detiris Damage |ndex .92tz
I: Secondary Tile Loss index

25:3122

12:2311

311

v 4

19:2321 ) ‘ J i

211111,

30:3312

23:3112
1:2131
2713132 «

22,2332

11
1

7:1341

29:3312 7 ,
33:3382° om0

passed on our research results back to
NASA through a series of visits to the
Kennedy Space Center to ensure that the
information was properly communicated to

21:2331 Risk Crificality
6:1311 100
'507
- .33
14:2312 30
{ 25
= 15
& Z
& : . nny .
) B 6
: THHIR  13:2914 i
3 s llf] -
2
1
283222
. 0
4:113¢
b 43 L 21:2331
26:3132

24:3122
11:2131
1622321
| 32:3332 -
8:1331
10.:2121‘ 81:3022
18:2321

‘Figure 4: This map of the orbiter, showing the min-zones and the risk criticality of each tile,

represents the main resilts of the analysis,

INTERFACES 24;1

74



SPACE SHUTTLE

tile managers and inspectors. We describe
the changes that have occurred since the
publication of our original report [1990]
below as an epilogue to this study.

The management factors that affect the
tiles are often part of more general organi-
zational characteristics of NASA. Space
shuttle operations involve NASA, its Head-
quarters, its space centers, its contractors
(which are genérally more closely asso-
ciated with one of. the space centers), the
United States Congress, which votes the
funds for the space prograins, the media,
and the public that eventually decides
 through the electoral process which pro-
grams are more desirable. Under political
pressures, NASA became a fragmented or-
ganization, divided amiong $pace centers as
well as space programs (space station,
shuttle, unmanned planetary probes, and
so forth). Rivalries among centers are un-
avoidable because they must share a
budget that is perceived within NASA as
increasingly tight. At the safte tirne, NASA
seems-to have grown from a can-do orga-
rization to a large bureauciacy in which
the influence of the scientists has _markedly
decreased.

NASA is a high—visibi!ity organization, .
uncertain about its future funding and
theréfore, strorigly influenced by its need
for public relatiéns, This high visibility
miakes it difficult for the organization to
learn: To keep its fundinig, NASA has of-
ten led the public and Congress to expect a
higher flight frequency and a higher 1ével
of safety than it could actually deliver.
Sbon affer the shuitle’s introduction, the
agency shifted from a conservative attitude
of “launch if proven safe” to an attitude of
“launch unless proven unsafe.” This opti-
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IMism was more Common among managers
than among engineers and scientists who
were more in touch with the system’s
characteristi¢s [Feynman 1988], Engineers,
owever, often have only a partial view of
the system since different parts are man-
aged in different locations, sometimes by -

~ différent organizations. The 1986 Challen-

ger accident obviously shook NASA and
its culture of inwilnerability and ereated
new needs for appropriate methods to sort
potential problems.

To'some extent, these same organiza-
tiorial factors affected the processing-of the
tiles and, in particular, their maintenance
between flights, which often took place

“ander tight schedule constraints. Some of

the problems that surface at the mainte-
narnce stage (for example poorly bonded
tiles) are rooted in the history of the tiles,
which starts with their design, manufac-
ture, and iristallation on the orbiter. Be-

The agency shifted to an
attitude of “launch unless
proven unsafe

cause the system was new and subjected to
a severe and poorly undeérstood space en-.
vironinerit, the fitst orbitér (Columbia) ex-
perienced problems that required prompt
correction. For example, the initial design
had a weak link between the bond and the
felt pad (SIP) and the tiles had to be “den-
sified” to strenjithen that area, Also, mois- -
ture that had been trapped in the tiles .
froze in orbit damaging the mateérial. To:.
solve this problem, the tiles were water-
proofed, but the first waterproofing agent
réacted with the bond holding the tile in ~
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place causing it to partially liquefy. Many
tiles were replaced before an effective wa-
terproofing agent was developed. It should
also be mentioned that the tiles that were
. originally installéd on Columbia were put

in place under severe schedule constraints,

which may have affected the quality of the
work.. Finally, tiles in some particularly hot
areas had to be redesigned. For example,
the tiles in the eleyon cove {the gap be-
tween the rear -ﬂa_ps) and ori the edges of
the main landing-gear doors had to be
reinforced. After these adjustments, nor-
mal heat loads were not considered a
problem for well-bonded tiles. This js why
- our analysis focuses mostly on the possibil-
ity of tile debonding because of a weak
borid or the irhpacf of controllable débris.
After each flight, the tiles are inspected
several times; some are fixed and some are
replaced, The process involves (1) a se-
quence of tile damage inspections and de-
cisions as to what must be done, (2) file re-
placernent, (3) bond verification using pull
tests, (4) step and gap measurement, and
(5) decision whether or not to use a gap
fillex. The replacement of the tile is a deli-
cate operation that involves several fits,
densification, cleaning and priming of the
¢avity, inspections, bonding of the tile to
the felt pad, bonding of the tile/felt pad
system to the cavity, and verification of the
* bond. Several problems can occus in the
process. First, the primary bond holding
the tile may be partial or in some casés
nonexistent, These tilés go undetected dur-
ing their post-installation inspection be-
cause the gap fillers hold them in place
with sufficient strength to pass the pull
test. If the tiles are not precisely-located in
the cavity, they may rest on filler bars
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{pads that form a lattice on the aluminum
surface and allow for venting of gases dur-
ing ascent; see Figure 2} reducing the con-
tact surface. Also, the cavity itself may not
be sufficiently clean t6 provide proper
bopding, the bonding agent (RTV) may be
allowed to dry before pressure is applied,
or the bond may deteriorate because of the
addition of water to accelerate the curing
process. All these factofs can weaken the
bond and lead fo'loss of tiles under normal
loads that include vibrations and aerody-
namic forces or undér unintended external
loads like debris impact. To minimize these
risks, the main contractot at Kennedy
Space Center thoroughly inspected all tiles
following the maintenance work. In addi-
tion, NASA inspects in great detail about
10 percent of the tiles every three flights to
try to detect signs of bond weakening.
They use the wiggle test and look for signg
of shumping or burning. Our objective was

“to Jmpmve this process to reduce the risk

of accidental loss of the orbiter,

In geneéral; studies of the effécts of man-
agement on s’imtem saféty start with the
organization. In this study our approach
was the réverse, We started from the ele-
ments of the technical tisk analysis model
represented by the influence diagram of
Figure 3. For each of these technical vari-
ablés, we identified decisionis and actions
that cotld adversely affect it. These pro-
cessing ervors (some of which are described

- above) may be obvious mistakes or simply

questionable judgments that may even-
tially cause a failure {often in conjunction
with other events). Management chatacter-

istics, in turn, affect information availabil-

ity, the incéntive structure, and the re-
source constraints (time, money, personriel
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atiehﬁon, and so forth). We examined
whether and to what degree the organiza-
tion caused or encouraged detrimental de-
cisions and actions through its structure,
procedures, and culture. For example,
through extensive interviews with techni-
cians and managers, we determined that -
time pressures due to the launich schedule

“were at the root of occasional (forbidden)
short cuts.

We focused our process study on two
kéy elements of tile safety: (1) ensuring a
strong bond (for example, finding out if
there are other tiles on the surface of all
orbiters that still have a véry weak bond
even though they passed the initial pull
tests) and (2) preventing controllable debris
from hitting critical tiles on the orbiter’s
surface. New problems will unavoidably
surface later: How will the bond age?

- When will it be time to replace the whole
system? Does the pull test weaken the
bond in the long run? These uncertainties
about the long-term performance of the
tites will require future decisions. The
probabilistic risk analysis model provides a
way for NASA to prioritize these efforts,
for example, instead of using random pull
tests, to focus on areas where it is esséntial

that the tiles be well bonded (that is, in the .

most risk-critical zones shown in Figure 4).
Figure 5 shows the influénce of organi-
zational factors on the technicians’ deci-
sions and actions and their rélationship to
the elements of the risk analysis rhodel.
Most of the links are self-explanatory; fér
- example, the debonding caused by factors
other than debris (“spontaneous debond-
ing”) is a function of the quality of the
tile's bond, which itsélf depends on the
quality of the maintenance work and the
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inspection procedure. The quality of the
tiles work, in turn, can be traced back to
hiring and training procedures and fo the
constraints under which the technicians

‘operate. The quality of inspection may be

the most critical variable since the niumber
of inspectors is sometimes a limiting factor.
Testing e_)gstmg, alteady installed files also

- remains a priority problem. Developing
- 'means of nondestructive testing has been a

concern of NASA for many years, So far,
ne technology has been successfully devel-
oped. The best technique available remains

' the wiggle test. Some skilled technicians

are able to feel by a slight movement of
the hand whether or not there is some
slack in the bond. This test, however, is

NASA is strongly influenced
by its need for pubhc
relations.

time-consuming and costly because there
are few tile technicians who can do the
job. A latge proportion of the risk is attrib-
utable to weak bonds in general and in
particular to a few tiles that may still be in
place but have little (if any) direct bond to
the orbiter’s skin. Even if these tiles have
held 50 far, it is essential that they be iden-
tified drid replaced in the most risk-critical
areas, Therefore; we proposed to use the
nondestructive “wiggle test” to inspect the

- tiles in these areas in order of nsk criti-

cality. _

We fourid a high level of turnover
among tile techniciaris. Although dedicated
people have worked on the thermal pro-

 tection system for a long time (and there-

fore have had the opportunity to learn -

77




- PATE-CORNELL, FISCHBECK

ORGANIZATIONAL AND MANAGEMENT FAGTORS

Work

Quaiity of
Tile Bonding

.

Launch Pads

“Design and
Application
of ET/SRES

Insulart .~

Orbit

Quality of-
Step and Gap
Measurements ,

Number and Technicians -1 NASA's Management
Allocation Pay Scale of Contracts NASA's
- of Inspectors’ % Fragmentation
: ¥ arid Compatiticn
High - Hiring, Tra‘ining Degroe of among Gente.rs'
L . - and Retention of .
Visibility o o Cdopetration among
) : Tile Technicians S N
N 1 antractgrs . In-Flight
' : : Tite Fixing
llusion of Management of Capability
Routine and ~— 1| Launch Operaficns T
Low Risk /" NASA Fur.'ldmg - s — .' . ‘ .
1 / _Mechanism Management of Priorities in Tile
. . e ET and SRBs Maintenance
Scheduia Nohdestructive S R = e
Pressures Bond Testing
[1 |
1 A . ! . ) R .
DECISIONS AND ACTIONS INFLUENGING ACCIDENT SCENARIOS
Quality of De-if:ing Fixirig
Malsienance Clearing of of Tiles in Reentry

Maneuver

/ Modification
of Current
Dasigns

Debonding Caused
by Factors Other
than Debris

Loss of Tile

RISK ANALYSIS MODEL

L 4

4

¥

Debris D

amage

Loss of Additional
_ Tiies .

Heéntry Heating ;:msctti:?: ~+{ Loss of Stiuttle

Figuré 5: Organizational factors influence decisions and actions which in turn, affect the basic
events of accident scenarios.

INTERFACES 24:1

78



'SPACE SHUTTLE

about if), a significant percentage of them
have moved as soon as possible to better
paying positions. This was caused by a dis-
crepancy in the pay scale that NASA had
inherited early on from the Departrent of
Defense between material technicians and
machinists or electricians. Not only was it
costly to train technicians who then chose
to leave, but also the quality of tile pro-
cessing could only be negatively affected
by the loss of expetience. In addition, the.
tile technicians had the impression that
others had no respect for the tiles and
tendéd not to pay sufficient attention to
their inte'gr'ity when performing other
tasks, thus adding to the work load of tile
repair and to the time préssures on the tile
crews. Therefore, we recommended in our
initial report [Paté-Comell and Fischbeck
1990] that this pay-scale gap be closed,

Another source of managemeérit-con-
trolled reliability problems is the way that
different systems of the orbiter are pro-
céssed indépendently, ignoring the risk
caused by their interaction. For example,
we showed that one key source of debris
damage is the insulation covering the ex-
ternal tank and the solid-rocket boosters. -
Some areas on the surface of these external
systems are more critical than others be-
cause they may be sources of debtis that
could hit the orbiter in its most risk-critical
min-zones. NASA had already worked on.
the simulation of the trajectories of such
debris. We recommended that it use these
simulations and the results of cur study to
identify areas of the external systems
where the insulation should be treated
with special care.

Liability concerns and rivalries among
the main contractors may have also at
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' times added to the schedule pressures,

which in turh may have affected the qual-
ity of tile work. Relatively harmonious re-
lations have been instituted among the

people who work on-the tiles; but the two

main contractors are in a competiti{'e situa-
tion that does not providé incentives for
them to make each other's work easier. For
legal and contractual reasons, it hds occa-
sionally been in their interest to withhold
{or delay comimiunication of) tectinical in-
formation useful, if not essential, to the

- other, Cléarly; this ¢ompetition pf_ovides a

strong motivation t6 detect and correct er-
rors, Yet, contracts that affect the same
subsystems should be writteri and man-
aged so as to foster cooperation when nec-
essary.

Our report to NASA suggested a wide
range of improvements that can be sum-
marized as follows: '
—To perform a follow up PRA for the tiles
(our study was only a first-order analysis
and used expert opinions whenever statis-
tics were unavailable, Better inpuits can be
provided by lab tests (for example, of
weakened tiles and bonds) and by proper

' PRA for the subsystems under the orbiter’s

skin); )
~—To relieve the tiine pressures on tile
workers and in particular to avoid rigidly
setting the number of tiles to be processed
daily; '

~To improve the information flow among
the contractors and to give the mainte-
nance crew direct access to the data that
they need; '

—To adjust the technicians’ pay scale in

* order to reduce the turnover and keep the

benefits of theif experience; and
More important,
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—To set priorities in NASA’s final tile in-
spection and to focus initially on the most
risk-critical tiles with the understanding
that this should not imply that the others
could be neglected; and
— To set priorities in the management of
the insulation of the external tank and the
solid rocket boosters, for example, by iden-
tifying the zones that could affect the most
 risk crifical tjles (the technical problems of
securing the insulation have not yet been
| not completely solved).
We then proceeded 16 assess (coarsely)
the benefits of the last two recommenda-

tions based on the corresponding reduction.

. of the probabilities of the two main failure
modes. :
'Risk Reduction Benefits of Process
Modifications o
NASA [1989] has computed the proba-

bility of loss of the vehicle and crew to be
about 1072 per flight. The cost of losing an
orbiter is on the order of $5 billion and the
lives of the astronauts. There are about

: e:ght to 10 launches per year at this time,
The contribution of the thermal protection
system (TPS) to the risk of LOV/C (TPS
risk) was found to be about 10 percerit (on
the order of 107 per flight) with 40 per-
cent attributable to debris and 60 percent
to debonding under normal loads, De-
creasing the TPS risk can be achieved ei-
ther by decreasing the controllable loads or
by increasing the tiles’ capacities. The ben-
efits of in-depth safety measures, such as,
iﬁcreésing the technicians éxperience basg,
are potentially important but difficult to
quantify. We focused here on two direct
risk-reduction measures: (1) improvement
and inspection of the insulation of the ex-
ternal propulsion systems (external tank
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and solid rocket boosters) in the most risk-
critical areas and (2) external inspection
(““wiggle fest”) of the most risk-critical
tiles.

The benefits of backmapping the most
risk-critical zones of the orbiter onto the
surface of the external tank and the solid
rocket boosters and securing the insulation
in these areas obviously depend on the fi-
nal probability of insulation debonding.

We found that 8Q percent of the debris-ini-
tiated part of the TPS risk is attributable to -
eight'p‘eréent of the tiles; therefore, reduc-
ing to zero the risks of debonding by de-
bris of these eight peércent risk-critical tiles
would reduce the TPS risk by 32 percent
(80 percent of 40 percent) and the overall
probability of loss of vehicle and crew by
about 3.2 percent (or 3.2 X 10", a modest
gain but one that could probably be ob-

tainied at a minor cost.

- Detecting the unbonded tiles in the most -
risk-ctitical areas is the most efficient way
to increase the system’s capacity. About
130,000 tiles have been installed on the
first four orbiters. Af the time of our study,
about 25 percent of these files had been
replaced and about half had been iri-
spected. Arong those inspected, 12 had
been foind on the four orbiters then in
service to have no.bond other than
through the gap fillers. We therefore as-
sumed that abouit half of the unbonded
tiles had beén detected at the time of the
study and that about 12 unbonded tiles {an
average three per orbiter) remained. De-
tecting these unbonded tiles in the most
risk-critical areas would reduce both the
probability of spontanesus debonding and
the probability of tile loss under debris im-
pact.
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Zones 1,2, 3,4,9, 10, and 11 from Fig-
ure 4 contribute 85 percent of the risk of
LOV/C through debonding due to factors
other than debris, and 51 percent (85 per-
cent of 60 percent) of the total TPS risk
through this failure mode alone, even
though they represent only 14 percent of
the tiles. Zones 1, 2, 5, and 9 .are particu-
larly susceptible to debris hits and repre-
sent almost 80 percent of.the TPS risk dize
to debris hits even though they represent _
only seven percent of the tiles (securing
these tiles sxmply increases our confidence
in the benefits of preventing the corre-
sponding loss of insulation debris and is
not assumed here to add to that figure),
We assumed in our model that the two
failure modes {debris hits and spontaneous
debonding) were mutually exclusive and
that the benefits of reducing their contribu-
tion to the TPS risks are additive. There-

NASA cannot afford
financially or pohtlcally to lose
§ another orblter

fore the combmahon of detecting all 160se
tiles in zones 1, 2, 3, 4, 5, 9, 10, and 11
and securing the insulation on the corre-
sponding zories of the extemal propulsion
_ Systems cah reduce the TPS risk by about
80 percent {50 percent for spontaneous de-
- bondirig and 30 percent for debris hits})
and therefore, the overall probability of
loss of vehicle and crew by about eight
percent at a relatively low cost, .
This implies that since the initial proba- -
bility of LOV/C due to failure of the tiles
is 107, applying our recommiendations
should reduce this risk by about 8 X 1074,
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Assuming that the loss of an otbiter costs
about $5 billion (and the lives of five to -
seven astronauts), the expected value of
the monetary component of the risk reduc-
tioh benefits is on the order of $4 million
per flight, plus a reduction of the individ-
ual risk by eight percent, starting from a
high 10~ per flight. This is probably an
upper bound of the benefit ﬁgure Ob-
viously, if the effectiveness of the pro-
posed measures is not 100 percent, the - -
benefits are réduced by the same facior.
Also, sdine of the weaker bonds would be
discovered otherwise through the current
inspection process, but much more slowly
than if efforts were coricentrated riow on

- the 15 percent most critical tiles. Eves if

this combination of factors reduced the
benefits by 50 percent, their expected valie
would. rémaih high given the annual num-
ber of launches,

. Epildgue and Conclusions

Since NASA receivéd our report, it has
institirted a Aumber of § Iniprovements
along the lines of cur original recomimen-
dations. Our resuilts were well recéived {in
particular by the launch director) and-the
tile group recogmzed that prioritization can
improve the mairitenance process. The
map that we have developed and pre-
sented here Has been used along with a
temperature chart by the tile safety officer
at Kentnedy Space Center to select the first
10 percent of thé tiles that he inspects in
detail after every third flighit (as shown by
the inspection map.that was used on the
shop floor in April 1993). The salaries of
the tile workers have been brought in line
with those of the machinists and electri-
cians, the tile technicians$ training now puts.
more emphasis on the location of the dif-
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ferent components under the’ aluminum

skin of the orbiter, and the group working

on the tiles has been givén a gréater role in
the scheduling work loads. Communica-
tion difficulties ambng the contractors and
problems of technicians’ access'to data
bases have been alleviated. Qu study also
confributed to an effort by the agency io
reinforce the insulation of the external Sys-
tems, and more work has been done on
the simulation of thé debriz trajectories.

Since our study, the average number of

major debris hits.on the otbiter has de-
creased from an average 40 to 14 per
flight. -

Finally, NASA recently decided to con-
duct a probabilistic risk analysis for the
whole orbiter. Our study was éne of the
factors that showed NASA that PRA could
effectively be used as a management tool.
The use of risk analysis to focus attention
on the hot spots is clearly in line with the
current efforts of the agency; which has
seen its budget shrink. NASA must find -
new ways of being cost-effective because it
simply cannot afford financially of peliti-
cally to lose anéther orbiter.
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APPENDIX: Equations of the PRA Model
" (This appendix is adapted from Paté-
Cornell and Fischbeck {1993a])

Our analysis of this problem is a variant
of a conventional first-order PRA.
Throughout this appendix, the factors that
determine the min-zones are indexed as

) follows:

- i = index of min-zones,

h = index of debris areas,
J = index of functional criticality areas,
k = index of burn-through areas, and

= index of secondary tile loss areas.

Note that 4 double subscript (for example,
Ji) represents pararheter f*(criticality in this
case) of min-zone i and that the term de-
bonding refers to debonding due to factors
other than debris impact.
n = total number of black tiles on the
orbiter, '
n; = number of tiles in min-zone i,
N = total hiumber of min-zonies,
Ni = nuunber of failure patches in min-
zéne §,
4 = index for the failure patchesinany
min-zéne, _
M = findl number of tiles in any failure
patehi,
m = index for the number of tiles in a
failure patch, :
Ft = initiating failure of a tile,
Fa|Ft = failure of any adjacent tile given
Jnitiating failure,
D = number of adjacent tiles in initial
debris drea, ‘ ,
* § = nuinber of adjacent tiles in initial
debonding area,
L = 1655 of vehicle and crew (LOV/C),
PX) = probaility of event X,
P{X}Y) = probability. of event X conditional
.-on event Y, .
P(X; Y) = joint probability of event X and
everit Y, and
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EV(Z) = expected value of random variable
Z

This’ analysns follows closely the strue-

tiire of variables described in Figure 3.
.. Two types of initiating events are consid-
ered: debris impact and spontaneous de-
. bonding due to other cduses, mainly a
- weak bond. It is assumed that the two
types of initiating €vents are probabilisti-
cally independent. Since each min-zone
has its own set of characteristics, they are .
treated as separate entitfes, Tiles in each -
specific min-zone have the same probabil-
ity of being initially damaged and causing
a larger failure patch, burn-through, dam-
age 1o a critical system, and the loss of the
vehicle: Because of these assuniptions, the
analysis determines first the probability of
losing the vehicle for each type of initiat-
ihg event and each min-zone. The overall
failure probability is then computed as the
surh of the failure probabilities for all
zones and 1n1tlatlng events (debris impacts
and debonding)

For each initiating event and for each
min-zone, the structute of the equations is
the following:

(1) Final pateh size: probability distribu-
tion of the number of adjacent tiles lost as
a function of the number of tiles initially
lost and of the potential loss of aeichhonal
tiles.

(2} Number of failuré patches: number
of combinations of groups of lost hles ina
specified min-zone.

. {3) Probability of failure of the orbiter
due to a specified failure patch as a furic-
tiori of the patch siz€, the probability of
burn- through, and the functional criticality
of the min-zone. -

(4) Probability of failure of the orbiter
- for a specified min-zone {(sum of the

- plLOV/C) for all possible failuie patches
in the min-zone).

Then for thé whole orbiter and both fail-

ure modes:
(5) Probability of failure of the orbiter

' January-February 1994

for all tiles and both failure modes: (sum
of the p(LOV/C) for all min-zones and
both failure modes). _
Initiating Event: Debris Impact

To determine the probab:hty that a spe-
cific tile in min-zone f starts a patch due to
debris ithpact, one rmust also considert the
size of the initial damage. We will demon-
strate the procedure for the case where a -
single tile is initially damaged (multiple tile
damage i$ similarly calculated). It should
be remeémbered that the probabxhty of ini-
‘tial tile failifre in min-zone i, P{Ft), should
be read as P(Ff|D = 1).

Orice the first tile'in min-zone i is lost
due to debris, there is the potential for ad-
jacent tiles to also fail. The probability that
the final patch sizé reaches M dépends on
the secondary loss index of the min-zone
(1) and is given by the following geometric
distribution (which means that M — 1 ad-
ditional tiles fail and no adjacent tile after-
wards):.

P{M|Ft) = P(Fa|FiM~ . "
X {1 = Py(FalFt)].

This equation assumes that the probability
that adjacent tiles debond does. nét change
as the patch grows.

In eich min-zone, there is the poss;bﬂity

- of several patches starting. The probability

that the number of patches reaches N; in
min-zene i is

n!l
et PUFR .
Ni(a i) P( t) (2)

X [1 = PAERM

This formulation assumes that the inital

PNy =

tile failures aré independent and that there

will bé no overlapping of patches because
thie probability of an initiating event (Ft) is
small compared to the numbeér of tiles in,
each min-zone (;). The product EV(N;)

X EV(M), which equa]s the total number of ~

tiles lost in each min-zone, is considered

negligible compared to n;. Also, N; (rum- -
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ber of patches) and M (size of patches) are
considered independent random variables,
Based on these assumptions, the expected
-number.of patches is approximately

EV(N) == n; X P{Ef), (3)

and the size of each patch is given by the
mean of the distribution of M,

EV(M) = 1/[1 — P(Fa(F¥))

Given this result, it is now possible to
calculate the probability that the orbiter
‘will fail due to debris that impict one tile
only; using j as the index of the criticality
areas and k as the index of the burn- '
through areas, we define the probabilities
of orbiter failure dize to a patch of size M,
in min-zone i, initiated by debris impaet (D
= 1} as follows:

PALIM = m) =

_ It must be remembered that any given
min-zone could have several patches in it,
and each patch could be of a different size.
To calculate the probability of orbitér toss
due to the specific number of patches (N})
in min-zone i, the following definition is
necessary. Let pj be the probability that an
arbitrary patch in min-zone { causes a fail-
ure.

(4)

()

Pi= 20 Paim X Pi{Fa|EfyrT

m=1

X [1 — PifFalFt)}.

Therefore, using 4 as the number of .
patches in a given min-zone, tlié failure
probability for a specific number of
patches in a min-zone is -

(6)

PALIN; =.q) = pi-x g. ()

Equation (7) assumnies again that the
probabilities are small and that the patches
will not interfere with each other (they are
assumed to be separate and independent).
These assumptions are valid providing that
each min-zone has a sufficiently large
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number of tiles and that the size of the
patches js relatively small.

Based on Equation (7), the probability of
orbiter failure given all patches that occur ..
in min-zone { becomes

P(L, min-Zone iy = 3 P(LIN; =q)
. g0

X PAN; = g)
‘= pi X m; X P{EY),

(8)

This result represents only the cases of
debris impact causing the initial failure of a
single tile. A mofe complete rewriting of

- Equation (8) highlights this fact:

P(L, min-zone i, D = 1)
=pD = 1) X m; X P{Ft|D = 1)

. o

In order to expand this model to include
the possibility that the initial debris impact
damages more than one tile, it is necessary
to niodify soine of the above equations. It
is assumed that if a large enough piece of
debris hits the orbiter, several adjacent tiles
may be knocked loose at once. Each of
these missing tiles may in turn cause their
adjacent tiles to fail and a specific number
of additional tiles ean fail in multiple ways.
Therefore, additional summations are re-
quited in order to account for the increased
number of exposed tiles. This compounded
problent requirés that equation (1) be re-
written to account for this potentially
larger paich growth rate. If the initial dam-
age involves two tiles, the probability that

 the final patch reaches size M is

PAMIFLD=2) = (M ~2+1)

(10)
X Py(FalFeyM2 X [1 — Py(Fa|Fi)P.
If three tiles are damaged initially,
M-3+1
PAMIFL,D=3)=[ 3 ] '
i~1 (11)

X PiFalFtf = X [1 — Py(Fa|F)p.
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If four tiles are damaged initially,

Mg+l k
PMIFt,D=4)=[ ¥ i
k=1 g1 ) 12

X Py{Fa|FHM— X [1 — Py(Fa|Ft)pt.
This set of equations can be extended to

- include greater initial damage; historical

evidence, however, supports limiting the
analysis to this Jevel. It must be remem-
bered that the value M of the final patch
size must always be at least equal to the
size of the initial damage area, D, Equation
(2) in its most general form is Wntten

N}
PAID =) =
X P{FH|D = d)M ' . 3)

X1 — P{F|D = dy"™;,

- and ec.f;uatio'n (3) becomes

EVN) = m X PEHID =d).  (14)

Bécause all the inifial damage probabili-

“ties are very small, it is possible to approxi-

matethe probability of debris causmg loss
of an orbiter for all damage areas in a par-
ticular min-zone by
P(L, min-zone i, debris hit) . (15

Max 4 -

2. P(L, min-zone i, D = d).

=1

Once this probability is determined, the

probability of orbiter failure for all min-
zones due to debris impact is simply the
sum of the probabilities of failure for all

_ min-zones sincé all min-zones and initiat-

ing events are assumed to be independent
- L .
p(L, debris) (16)
N
=3 P(L, min-zone 1, debris hit).
ful

Initiating Event: Debonding (Due to
Causes Other than Debris Impact)

A similar set of equations is used to
compute the probability of orbiter failure

January-February 1994

due to all petential failure patchies in min- -
zone | that starfed from a debondmg dam-
age area of initial size S. The size of the
initial patch given debris hit (D) is replaced
by the sizé of the initial debdhnding patch
(5). These new equations are simpler be-
cause we assume 2 uniform distiibution of
the debonding probability over all tiles,

. The total probability of shuttle failure for

this type of damage is __
P(L, dlebor\dxf\g) . * (17)

N .. .
= 2 P(L, mint-zone §, debonding).

i=1

Total Probability of- Failure

analiy, assuming indeperidence of initi-
ating events (debris and debonding due-to
othier causes), the overall probability of
shuttle failure per flight due to tile dainage
1s B

P(L, tile problem) = P(L, debonding)
+ P(E, debris hit),
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 Alan H. Phillips, 05:59 PM 2/18/2003 -0500, Fwd: Shuttls MLG gear dooFs 27

X-Sender: a.h.EhilliBs%po?.Iarc-.nasa. ov
Date: Tue, 18 Feb 2003 17:59:55 -050
To: "Pamela F. Richardson" <Pamela.Richardson@hq.nasa.gov>
From:"Alan H. Phillips" <a.h.phifli s@larc.nasa.gov>
Suble_ct: Fwd: Shuttle MLG gear doors ??
Cc: "Peter J. Rutledge” <prutledg@mail.hq.nasa.gov>,

Jim Lloyd <Jlloyd@hq.nasa.gov>

Pis forward to the responsible parties. Note that it has ALREADY been sent to the HCAT.

Alan i

—— L

Date: Tue, 18 Feb 2003 17:31:26 -0500
- To: heat@hq.nasa.dov D _

From: "Mark J. Shuart" <m j.shuart@larc.nasa.gov>

Subject: Fwd: Shuttle MLG gear doors 77 -

Cc: "SAUNDERS, MARK P <M.P.SAUNDERS@larc.nasa.gov>,
PHILLIPS, ALAN H" <A H PHILLIPS @larc. fasa.gov>,
"WYATT, CYNTHIA A" <C.AWYAT T@larc.nasatov>,
"CLEGHORN, CHERYL W" <C.W.CLEGHORN@Jarc.nasa.gov>

To Whom It May Concern:

- More infomation on Shuttle doors.

Mark J. Shuart, PhD .
Director for Structures & Materials
NASA Lann\;/ely Research Center
Hampton, VA" 23681

l[__)_'__ate: Fri. 14 Feb 2003 21:53:42 +0100

rom: : . _

Subject: Shuttle MLG gear ddors 7?0 C :

To:m. As huart@larc .nasa.gov, david.f. Iechner;,%{?_c.nasa.gov,
! ;

m 4t e e s e e (it Bt

-daugherty@iarc.nasa.gov, H.M ADELMAN@Ilarc.nasa.gov,
c carlisle.c.cambpbeli@riasa.aov :
c:
- . Importance: Normal
- X-Priority: 3 (Normal)
Dear Sir : _
Lread with utmost interest your e-mail from the NASA website (i.e. e-mail of 31 January
2003). | have some questions you may easily answer, as thiey puzzie me. | am arn
enginéeéring _managller at the Dufch Seece Structures and Mechanical division called Dutch
~ Space in Leiden . The Netherlands : We are as a company involved in mechanisms for solar
ar'rm for the European Robatic Arm on the ISS, but also In laurich vehicles such as the -
AR E5 and alsg such as re-entry vehicles rudders like the hot rudder of the X.38 vehicle of
which we delivered the rudders via ESA to NASA'. -
| know you are very busg gvith the FAR, so if you have no time | understand compl :t'eI]y.Just
trx/iln to think in parallelSS.(maybe along the' complete wrong frack, but that's typical for
. F A and FAR analyses, |would sayfl ‘

First of all, | understand that the doors are cloged by a special procedure, using a kind of
broom stick to close the doors. s this correctSS.?7 Apparently, the doors then fall info an

over-centre lock.77?

1. How is this controfied and how is it guaranteed that the doors are 100% closed but that there is
no such a play in the mechanism or in the door ievers; such that a partially opening could occur

.h...;_‘t.‘Al‘ F - . T . Y e e e o e T o



Alan H. Phillips, 05:59 PM 2[1 8!2003 -0500, Fwd: Shuttle MLG gear doors -??~

1.

2. A srﬁall opening of the doors couid oceur unnoticed If the switches are ill set, still the doors
could be blocked by the over center locking mechanism. A partly opening may not be critical

(TBC/ Acoustics and sinus and random vibrations) during the ascent, but will be we
re entry$S..A gap in reentry technology is devastating.

ry critical during

3. As thé temperature sensors in the whes] bay go offline, or even out of arder, one could think
that the cable bundie for the telemetry is subjected to degradation / abrasion. Is it possible by
evaluating the sequence in telemetry drop-out to detemiine which part-of the cable gets the

intense heat (twisted cable may give an indication of the spot??)

v

4. Is there & duct running from the leading edge to the wheel bay?? As the leading edge is
damaged (is this confirmed yet 7? } some gaseous plasma could reach the inner wheel bay??

How? ‘

5. Are there any other blac‘e's other than the wheel bay (but close by) bf which the temperature

has been monitored and show ermonedus telemetry readings?

Other question related to the tiles:

6. Hawe impact damage analyses also been executed on so called degraded tiles i.e. tiles which
- have been used more times or bond line for thermal expansion comperisation of which the bond

line has been hardened due to thermal cycling effects??

‘Sincerely yours

Structures & Mechanical Systems
Dutch Space

. 2303 DB Leiden
The Netherlands

Mark J. Shuart, PhD

Director for Structures & Materials,
NASA Langely Research Center
Hampton, VA 23681

Printed for Pete Rutledaae <Datar § D bl d oo oo



Alan H Phillips -

Director, Office of Safety and Missaon Assurance
NASA Langley Research Center

5A Hunsaker Loop - ‘
Building 1162, Room 112¢C ' -
Mail Stop 421 -

Hampton, VA 23681 °

(757)864-3361 Voice
(757)864-6327 Fax

*******nnsnn—..-.-n:-q-....-un'--;nn-nww-;'x..nan..»nnu:kuxé; nnnnnn .uwtun.‘..‘.nnn—w******

.-

Printed for Pete Rutledas <Pefer | Brifladm e o oo o
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" Alan H. Phillips, 06:02 PM 2/18/2003 -0500, Fwd: Main Gear Breach Concerns re: Golubia STS 1¢

X-Sender; a.h.Ehilligs%pog.larc.nasa. ov
?ate;el:__, Tue,{‘léi: sb‘ ho d'1 :.02:30 -'O?ORQh 4 h
0. ameia F. Richardson® <Pamela.Richardson@ .nasa.gov>
From: "Alan H. Phillips® <a.h.phill s@larc.nasa, 'o@ I ¥
Subject: Fwd: Main Gear Breach oncerns re. Columbia STS 107 (01/30/03
e-malil) - Please FWD to R.H.DAUGHERTY@Iarc.nasa.gov :
Co: "Peter J. Rutledge” <prufledg@mail. hq.ngsa.gov>,
Jim Lloyd <Jiloyd@Hq.nasa.gov> :

Pls forward o the responsible parties. Note that it has ALREADY been sent to the HCAT.

Alan =

X-Priority: 1 gH'i:ghes_Bo _
Date: Tue, 18 Feb 2003 17:34:50 -0500
To! heat@hq.nasa.goy o .
From: "Mark J. Shuart" <m.j.shuart@larc.nasa.gov> e
Subject: Fwd: Main Gear Breach Concemns re: Columbia STS 107 (01/30/03
“e-mail) - Please FWD to R H.DAUGHERTY: larc.nasa.gov
Cc: "SAUNDERS, MARK P* <M.P.SAUNDE >S@larc.nasa.gov>,
'_'PHIL!:'_Jj]:fS AL AN H" SA-HPHILLIPS@larc.nasa.gov>,
"V\LYA , CYNTHIA A" <C. A WYATTG)arc.nass, ov>,
"CLEGHORN, CHERYL W"<C.W.C ZEGHORNéIarc.n@sa‘gow
- To Whom It May Concern:

More info on Shuttie doors,

Mark J. Shuart, PhD .
Director for Structures & Materials
NASA Lan%ely Research Center

Dampton, VA 23681~~~
l Frorr?:? L _ o TR
T‘o:_ <m..shuart@lar¢.nasa.acv> ~

Cc: - . N : .
Su}%j'ect‘:‘_ Main Gear Breach Concerns re: Collinbia STS 107 (01/30/03 e-mail} - Please FWD
to R-H.DAUGHERTY! larc.nasa.gov -

Date: Mon, 17 Feb 2003 16:03:32-0600 °

X-Priority: 1 . , .

X-Spam-Status: No, hits=-96.4 required=3.8 . ,

tests=X PRIORITY_HIGH,DEAR,_ SOMEBODY, MAIL_TO_LINK,USER_IN_WH!TELIST
version=2.01 - . '

Dear Mr. Daugherty, '

F write to you directly to thank you for the extremely relevant information you had sent to NASA
ntission Control jusf 2 days prior to the tragic loss “of the Columbia Crew and vehicle. f -
seems, that your observations of Jan.30, 2003 were not only timely and accurate, but
unfortunately "prophetic”, which adds credible evidence to the investigation. Although, 'm not
an expert inthe field myseif, I worked in the awation,jndushal for several years, whi e training
for & pilot's license, 1am also a schojar in a humanities field, which requires extensive frave
internat;on?ﬂl\lf\t/ and in consequence, I've afwa1ys followed closely NTSB fnguiries into airline
accidents. After reading your e-mail on Feb.12 (NASA press-release) re: potential damage fo
the LMG tires, and tproba le consequential sequence of events, even of a catastrophic level
dye to earlier substantial breach of wheel well (81sec.of launch - foam fragment damages left
wrn?/ shuttle skin, exposing it to Rlasma at re-entry) | have spent the last few d'c}'ys_ intensively
analyzing available data on the shuttle t;age‘dy and archival material from the NTSB web-sité
re. tire-damage related accidents. At this me, the only analogy, that | can offer, though
somewhat far-fetched, is the disastrous take-off of the Air France Concorde supersonic Jet
on July 25, 2000. | have included below a few excerpts from press-releases re: Concorde
crash, that | thought you might find interesting, in support of your theory and the scenarios

‘Printed for Pete Rifledaa <Bafar 15 e g



